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A review of the l' i terature on research into the
evaporation fron forests suggests that the biological
factors as well as the meteorological conditions are
very inportant in controlling the evaporation from a
forest, even when l,/ater is readi ly avai lable. l ', i th
the general object of studying the factors contro'll ing
the evapofat ion,  a pro ject  has been set  up in  the
forest near Thetford in East Aru]ia. The specific
objectives of the Thetford Project ar€ to conpare the
rate of evaporation of transpired water with the
est imated rate of  evaporat ion ca lcu la ted on the
assumpt ion that  the a i r  in  contact  wi th  the leaves is
saturated and to assess the inportance of the downward
t ransfcr  o f  sens ib le  heat  o f  the a i r  in  compar ison
to so lar  rad ia t ion for  supply ing energy for  evapora-
t i  on of  in tercepted prec ip i ta t ion.
The actual evaporation will be computed from mi crometeorol -
gical measurements of the energy budget and the tenperature,
humid i ty  and wind prof i les .  The measurenents ,  n lade
by inst ruments mounted at  he ights  up to  20 metres
above the canopy, r,/i l l be recorded by an automatic
data acquis i t ion system on punched paper  tape,  ! , lh ich
wi l l  be d i rect ly  compat ib le  VJ i th  the computer  used for
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The work of the Ins  ti tute  o f  Hydro1 ogy a t  Wall ingford i s  primari ly  t o  
study the effects  on the hydrological cycle of changes i n  l and  use, 
i n  pa r t i cu l a r ,  changes from grassland or moorland t o  forest .  The IMO 
aspects of the hydrological cycle most a f fec ted  by changes in 
v e g e t a t i  on are the  evaporat ion, and therefore w a t e r  yie l  d ,  and the 
occurrence and severity o f  f lood ing.  To s t u d y  these e f f e c t s  a number 
of experimental catchment areas have been instrumented. In some cases 
the l a n d  use of the  catchment areas will be altered d u r i n g  the 
i nves  ti gat ions  and i n  o t h e r  cases catchment areas with  d i  f fer i  ng 
vegeta t ion  are compared. The interest i n  the ef fec ts  o f  changes of 
l a n d  use has arisen because there i s  a considerable af fo res ta t ion  
programme being carried out  i n  the up1 and areas o f  t h e  United Kingdom. 
These areas were previously used as grazing l and  for sheep, bu t  t h i s  
i s  now becoming uneconomic due t o  increasing labour costs.  Since 
these upland areas a l so  provide much o f  the water supplies f o r  t h i s  
country, i t  i s  impor tant  to have the basic  knowledge on which  t o  
assess the economics of afforestat ;  on o f  these areas. 
Be-Pore designing and s e t t i n g  up an i n v e s t i g a t i o n  i n t o  the evaporat ion 
from various types of vegetat ion,  a r e v i e w  o f  the l i terature was 
undertaken from which two f a c t s  soon became apparent.  F i r s t l y ,  
re1 a t i  vely l i t t l e  i s  knwn about the evaporation from fo res ts  
(Leyton ei5 aZ., 1967a), whereas t h e  evapo ra t i on  from lcw vege ta t i  on 
has been s t u d i e d  i n  great detai  1 (eg  Pasqui 1 l , 1949; Rider and 
Robinson, 1951 ; P r u i  tt et aZ. , 1967; Swinbank and Dyer, 1967) and 
i t s  evapora t ion  can be est imated  satisfactorily from the Penman 
formula as long as there i s  a p len t i fu l  supply o f  water (Penman, 1963, 
p. 34) .  For this reason, therefore, i t  was decided t o  concentrate t he  
work on fo res ts ,  Secondly, t h a t  s h o r t  p e r i o d  measurements of 
evapora t ion  w o u l d  be necessary so t h a t  t he  complex inter-relations 
between the many variables could be unravel  led. The imp1 i cat ion was 
t h a t  evaporat ion c o u l d  n o t  be estimated usefully from water balances,  
w h i c h  have t o  be made for  periods of  months t o  be reasonably accurate, 
and therefore mi crometeorol ogi cal measurements of evaporat ion would 
be required. To be ab le  t o  undertake t h i s  type o f  experiment it 
would be necessary to have a uniform area, i e  a generally f l a t  area 
and w i t h  trees o f  similar height .  Both these requirements ruled out 
making the-~easurements i n  one o f  the Institute's exist ing catchment 
areas and therefore the i n v e s t i g a t i o n  i s  b e i n g  s e t  up near Thetford 
i n  E a s t  Ang l i  a, where there is a very extensive f o r e s t  covering 
s 1 i gh t l y  rol l  i ng country. 
2, THE EVAPORATION PROCESS 
2.1 THE GENERAL CASE - EVAPORATION FROM A FREE WATER SURFACE 
Water evaporates i n t o  the surrounding a i r  whenever the number o f  
molecules l e a v i n g  the surface exceeds t he  number re tu rn ing .  Th is  
occurs when there i s  a decrease i n  the!  concent ra t ion  of  water vapour 
away from the evapora t ing  surface. I f  t h e r e  i s  no external source o f  
energy t o  supply the l a t e n t  hea t  o f  vapor isa t ion ,  the energy will be 
obta ined from the sensible hea t  of  t h e  l i q u i d  water, thereby reducing 
i t s  temperature. Since t h i s  wil l  cause the vapour pressure o f  the 
a i  r i n contact w i  t h  the  water surface t o  be reduced, the vapour 
pressure gradient tr i7 1 a l so  be decreased. This process w i  l 1 continue 
u n t i  I t h e  temperature of  the 1 i q u i  d water has been reduced t o  the 
dew p o i n t  temperature o f  t h e  arrbient a i r  and consequently the  vapour 
pressure g r a d i e n t  and the rate o f  evapora t ion  w i  11 have become zero. 
I f  energy now becomes avai  1 a b l e  from an external source, for  example 
i n  the form o f  s o l a r  radia t ion,  t h i s  will be absorbed by the water, 
t he  temperature of which  w i l l  then rise above t he  dew p o i n t  o f  the 
ambient a i  r. With the corresponding increase i n  vapour  pressure, a 
gradient  will be set  up and evapora t ion  renewed. With the onset  of 
evapora t ion ,  some of  the incoming energy w i  11 be passed i n t o  the a i r  
as l a t e n t  hea t  and this will cause t he  temperature of t h e  surface t o  
f a l l .  Also, some the energy w i  11 be removed as sensible heat  by 
conduct ion t o  the ai r  because a temperature grad ient  has been 
established. The surface will eventually a t t a i n  an  equilibrium 
temperature, a t  whi ch the loss o f  energy from the surface t o  the 
surrounding a i r  by conduction o f  sensible heat  and by evaporation 
balances the i n p u t  o f  energy from the external sources. The actual 
temperature wi 11 depend on t h e  ra te  o f  i n p u t  and  ren?ovaI o f  energy. 
The rate of removal o f  energy w i l l  be a f u n c t i o n  of  the gradients o f  
water vapour and temperature and o f  t h e i r  transfer coe f f i c ien ts ,  the 
l a t t e r  b e i n g  r e l a t e d  t o  the wind velocity and the aerodynamic roughness 
of the surface. The proportion o f  the avai  lable  energy which is  used 
for  evaporat ion wi 11 depend on t he  r a t i o  o f  the  g rad ien t  o f  water 
vapour t o  t h a t  of temperature, when t h e  equilibrium state  has been 
reached. Under the usual meteoralogical cond i t ions ,  i e  an unsaturated 
a i  r stream pass ing  over t h e  surface, more of t he  incoming energy i s  
changed i n t o  l a t e n t  hea t  t h a n  i n t o  sensible heat. This will be 
accentuated as t he  eddy transfer c o e f f i  cients become l arger,  because 
the  consequent lowering o f  t he  equi l i bri urn surface temperature wi 1 l 
a f f e c t  the grad ien t  o f  temperature more than the g r a d i e n t  o f  water 
vapour, when t h e  a i r  above t he  surface i s  unsaturated. 
2.2. EVAPORATION FROM A FOREST 
This can be divided i n t o  three components and car! be expressed by 
the equat i  on: 
where E i s  the to ta l  evapora t ion  fo r  the  per iod  
E i  i s  the a m u n t  o f  i n te rcep ted  water evaporated 
ET i s  t he  amount o f  transpi red w a t e r  e v a p o r a t e d  
and includes t h a t  from any undergrowth as we11 
as from t h e  trees 
ES i s  t h e  amount e v a p o r a t e d  from t h e  s o i l  and l i t t e r  
1 ayer. 
These components w i  1 l b e  dea l t  w i  t h  separately because d i f f e ren t  
factors are impor tan t .  
Evaoorati  on o f  ~ n t e r c e a  ted Preci a i  t a t i o n  
Some o f  t h e  gross preci p i  t a t i  on f a 1  1 i ng on the forest i s  intercepted 
by the vege ta t i on  and never reaches the ground, b u t  i s  rzttrrned to 
the atnosphere by evapora t ion  - the  atnount intercepted depending on 
the s torage capaci ty  of the vegetat ion and the ten~poral d i  s tri b u t j  :ion 
o f  the rainfall. Since the intercepted p r e c i p i t a t i o n  i s  i n  t he  form 
o f  a free water surface on the leaves and branches of the trees, i t  
evaporates by t he  process described i n  Sec t i on  2. I .  Because a forest 
i s  aerodynamically rougher  t h a n  low vegetat ion,  t he  t r a n s f e r  
c o e f f i c i e n t s  are larger and therefore, as poin ted o u t  above, a larger 
p r o p o r t i o n  o f  the incom'lng c n e r w  will be used f o r  e v a p o r a t i o n  t h a n  
i n  t he  case o f  smoother v e g e t a t i o n .  
The presence o f  i n t e r c e p t e d  water on the l eaves  prevents,  or a t  l eas t  
severely reduces, the ra te  o f  evapo ra t i on  o f  t r ansp i red  water from 
the vegetat ion and therefore intercepted prec ip i  t a t i o n  should n o t  
n e c e s s a r i l y  be c o n s i d e r e d  as a complete loss from t h e  runoff  o f  the 
area. However, i f  the  ra te  o f  e v a p o r a t i o n  of intercepted preci p i  t z t i on  
i s  greater than the rate of  evaporation o f  t ranspired water, interception 
w i l l  reduce the runoff ,  the reduct ion being  propor t iona l  t o  the 
i n t e r c e p t e d  amount and the difference between the rates o f  evaporat ion 
of intercepted and t ranspired water. I f  t h e  difference between the 
rates of evaporation i s  l a rge ,  the temporal d i s t r i b u t i o n  o f  r a in f a l l  
becomes an important  fac tor  i n  determining the overall  evzporation. 
Eva~ora t ion  o f  T r a n s ~ i  red Water 
Whereas the rate of  evaporat ion of intercepted water depends only on 
the meteorologi cal condi t i o n s  , t h e  ra te  o f  evapo ra t i on  o f  transpi red 
w a t ~ r  a l so  depends on biological  processes and the  a v a i l a b i l i t y  o f  
water fron: the s o i l .  The e f f e c t  o f  these other va r i ab les  i s  Lo 
reduce the vapour pressure o f  t h e  a i r  immediate ly  i n  c o n t a c t  w i t h  the 
leaves, bkl ow the s a t u r a t a d  vall ue w i t h  respect t o  the temperature of 
the leaves and therefore t he  evaporat ion wi 11 proceed a t  a ' I ~ ~ v e r  ra te  
than t h a t  determined wholly by the ~ e t e o r o l o g i c a t  condi t ions .  To 
corspensate f o r  the l owe r  rate  o f  removal o f  energy froin vegeta t ion  by 
t he  evapora t ion  process a h i  gher  equi  l i  b r i  urn surface temperature i s  
a t t a i n e d  a n d  the excess  energy i s  renuved as s e n s i b l e  hea t .  P l a n t  
physiologists consider t h a t  the f l ow  o f  water from t he  s o i l  i n t o  the 
atmosphere v i a  vege ta t i on  i s  most ' t i  kely t o  be irpeded a t  t h e  
so i l - roo t  and a t  the l e a f - a  tmsphere i n t e r f a c e s  . These resistances t:, 
?rater flow probably vary considerably depending on the reteoro't og i  cal 
and so i l  cond i t ions .  
Evaaora t ion  f r o m  t h e  S o i  1 
Evaporati  on from t he  so! f o f  a forested area i s  generally a very small 
component o f  t h e  t o t a l  e v a p o r a t i o n  un less the canopy i s  very open, 
because 1 i t t l e  energy can reach t h e  ground. 
3. KESULTS FROM P R E V I O U S  STUDIES 
Nos t of the  q uanti  t a  ti ve i nformat i  on on the evaporat i  on from forests 
tias been derived from measurement of t h e  water balances o f  forested 
catchment areas.  S ince ,  tcj o b t a i n  a reasonable accuracy i t  i s  
necessary t o  corpute a water balance by consider ing a l ~ n g  period 
(normally a year), only t he  t o t a l  evapora t ion  over the per iod  can be 
obtained. T h i s  mans t h a t  i t  i s  impossible t o  eva lua te  the  e f f e c t  of 
certain paramters. I n  particular, i t  i s  not possible t o  determine 
the re1 a t i  ve importance o f  the two major  components , i e the evaporation 
of i n t e r c e p k d  and transpired water. From measure~wnts o f  w a t e r  
balances i t  generally appears t h a t  qua l i t a t ive ly  t he  evaporat ion from 
a forested area i s  similar o r  slightly more than t h a t  f rom a grassed 
area b u t  there has been very l i t t l e  q u a n t i t a t i v e  agreewnt Seaveer: 
t h e  results (Hibbert, 1967).  Xn some of  t he  rare deta i led s t u d i e s ,  
neasurements of the t o t a l  amount o f  p r e c i p i t a t i o n  intercepted have 
been made and d u r i n g  the w i  r~ter nionths t h i s  has been found t o  exceed 
the  amount t h a t  cou ld  be evapora ted  by the n e t  r a d i a t i o n  by 1 arge  
amounts (Rutter ,  1963; Pa t r i c ,  1966; Helvey, 1967; Leyton e k  ax., 
1967hj, 
I n  recent years there have been a nurber  of experiments us ing s ing l e  
trees ( T h o r u d ,  1967) or branches (Rutter, 1967), where the ra te  of 
evapo ra t i on  of intercepted p r e c i p i t a t i o n  has been compared t o  t he  
ra te  o f  e v a p o r a t i o n  o f  t r a n s  p i  red water under t h e  s a w  concli tl 'ons. 
I t  has been found  t h a t  t h e  former was mi!ny t i m e s  f a s t e r  than the 
ra te  o f  evaporat ion o f  transpi red water .  These results can only g i v e  
a q u a l i t a t i v e  i n d i c a t i o n  o f  the s i t u a t i o n  in a f o r e s t .  However, 
Rutter ( 1 9 6 7 )  has carr ied ou t  s i m i l a r  s tud ies  i n  a forest cancpy and 
ob t a i  ned si m i  1 a r  resul ts . 
Sow important conclusions can be drawn from these results: 
(1)  That  the ra te  o f  evaporat ion of transpired water from trees must  
be considerably a f f ec t ed  by p l a n t  and so i l  fac tors ,  otherw ise  i t  
would be s i  m i  1 a r  t o  the rate of  evaporation o f  intercepted 
p rec i p i  ta t ion .  
(2) I t  appears t h a t  i n  w i n t e r  a t  l e a s t  a n o t h e r  source of energy must 
be cont r i  but: ng t o  t he  evaporation of intercepted preci p i  t a t i  an; 
probably  there is a downward flux of sensible h e a t  p r o v i d i n g  
energy for  evapora ti on. 
I t  was shown i n  the description of t h e  evaporzticn processes t h a t  
loss due t o  i n te rcep ted  precipi ta t ion d e p e n d d  on the total amount 
intercepted and on the difference between the ra';es of evaporat ion 
of intercept& and t r ansp i red  water. Therefore i t  woirid appear 
t h a t  the t c ta l  evaporation from a fo res ted  area w i l l  depend markedly 
on the temporal d i s t r i b u t i o n  of p r e c i  p i  t a t i  on. Since the 
evapora t ion  from low vege ta t i on  does no t  depend on this factor, 
i t  would  be expected t h a t  evaporat ion from a forested area could 
vary cons iderab ly  f r o m  t h a t  for a grassed area. 
(4) From the experimental and t heo rc t i  ca l  work i t  appears L!at the  
fo l  f cwi ng w i  11 be the  rnos t i m p o r t a n t  parameters : 
Me teorol - ogi  cal Vari ab les 
The net  radi a t i  on. 
The character is t ics  o f  the ambien t  a i r  above t h e  forest, 
i e  i t s  temperature and hum< d i  ty . 
The t ransfer  c o e f f i c i e n t s  o f  h e a t  and water vapour. 
B i o l o a i c a t  Var iab les  
Resistance t o  f lw  o f  water from so i l  i n t o  the roo t .  
Resistance t o  flow of  water w i t h i n  the p l a n t .  
Resis ta t lce t o  flan of  water from w i t h i n  the leaves t o  t h e  atmosphere . 
Soi 1 V a r i  ab l  es 
Soi 1 mis ture  tension. 
S o i l  temperature i n  t he  roo t ing  zone. 
In turn these parameters w i  11 depend on o t h e r  va r i ab les  as we1 1 as on 
character1 s ti cs of  the experimental s i t e  and i t s  vegetation. 
4. THETFORD PROJECT 
4.1 OBJECTIVES 
The main o b j e c t i v e s  o f  t h i s  p r o j e c t  are: 
(i) The confirmation and elucidation o f  the d i f f e rence  between 
the actual  rate o f  evaporat ion o f  transpired water and the 
estimated evaporat ion based on the assumption that  the  , 
leaves can be considered as free water surfaces.  
(i ) The i n v e s t i g a t i o n  o f  the importance o f  the downward transfer 
o f  sensible heat  o f  the ai r t o  provide the l a t e n t  heat for  
evaporation o f  intercepted p r e c i p i t a t i o n ,  i n  coinparison to  
the energy supplied by so la r  radi a t i o n .  
(iii) To determine whether the rate o f  evapora t ion  varies across 
the f o r e s t  due t o  h o r i z o n t a l  gradients o f  humidity, 
temperature and w i  n d  speed. 
(i v) To determine whi ch parameters besides the mteorologi ca7 
f ac to r s  are of m a j o r  importance i n  controlling the 
evaporat ion from a forest. 
O b j e c t i v e s  ( i )  and (i ) w i  11 be s t u d i e d  i n  phase X and the others i n  
phase TI. I f  these objectives are successfu l  ly  a t t a i n e d  i t  shou ld  be 
p o s s i b l e  t o  e s t i m a t e  a t  l e a s t  qua l i t a t i ve ly ,  the e f f e c t  o f  afforesta t ion 
on t he  w a t e r  y i e l d  from a catchn~ent  a rea  by comparing the results o f  
t h i s  p r o j e c t  w i t h  those from i n v e s t i g a t i o n s  i n t o  t h e  evapo ra t i on  from 
low vege ta t i on .  
4.2 METtIOD OF ANALYSIS 
The b a s i c  measurements w i l l  be taken every ha1 f minute and t h e n  
corbined t o  g ive  20 minute average values which w i l l  be used i n  the 
re levant  equations (see t h e  n e x t  subsec t ion)  t o  cal cu1 a t e  the rate 
of evaporation. To separate the effects o f  the many parameters, 
the results w i  17 be divided i n t o  var ious  periods d u r i n g  which s o m  o f  
the pararneters e i  ther have 1 i t t l e  o r  no effect  o r  are constant .  Thus 
for p e r i  ods when the leaves are w e t  a f t e r  preci p i  t a t i  on, the rate o f  
evapora t ion  only depends on t h e  meteorological variables. Under these 
cond i t i ons  any occurrence o f  a downward f l u x  o f  sensible hea t  can be 
readily determined and i t s  relative importance as a source o f  energy 
assessed. Also, t he  rate o f  evapora t ion  can be compared t o  the 
p o t e n t i a l  rate p r e d i c t e d  by the Penman formula u s i n g  rneasuremnts o f  
the r e l e v a n t  variables made above the forest.  Using the measurements 
made during periods when the leaves a r e  wet ,  an empirical re la t ionsh ip  
between the rate o f  evaporation and t he  mteorol ogi cal variables can 
be determined. T h i s  empi ri ca7 re1 a t i  onshi p wi 11 then be used to 
estimate t ! ! e  rate o f  evaporat ion, which would  occur i f  the leaves were 
wet, for comparison w i t h  the  actual rate o f  evaporat ion when t h e  leaves 
are t r a n s p i r i n g .  For p e r i  ods when t h e  rate o f  evaporat ion o f  trans p i  r e d  
water i s  n o t  l i m i t e d  by the availability of water from the s o i l ,  the 
ef fects o f  the impedances t o  water flow th rough  the trees wi l l  be 
evaluated.  As t h e  f i n a l  s tage  i n  t h i s  analysis, i t  may be possible t o  
assess the e f f e c t  o f  s o i l  moisture dep le t ion  on the  ra te  o f  evaporation 
of transpired water. 
Fin independent check on t he  ~ni c r o w  tear01 ogi cal measurements o f  
evaporat ion can be obta ined from measurements o f  the amount 
intercepted by the f o r e s t  i n  i n d i v i d u a l  r a i n f a l l s .  From the 
measurement of the amount i n te rcep ted  and o f  the t i m e  taken for  i t  
t o  be evaporated, the rate  o f  evapora t ion  can be ob ta ined  and then 
compared wi t h  the m i  cromtcorologi cal m a s  urement. 
4.3 !JETHODS OF MEASURING TIiE EVAPORATION FROM FORESTS 
As expla ined  i n  Sect ion  2, the rate o f  evapo ra t i on  depends primar? ly 
on the avai 1 abi 1 i t y  o f  energy, and t h e r e f o r e  the  ra te  o f  evapo ra t i on  
can be calculated mst s a t i s f a c t o r i l y  by measuring t he  components o f  
the energy budget, The energy budget can be expressed by the  equat ion:  
where ql i s  t he  net  a l l  -wave r ad ia t ion  f l u x  
G i s  t h e  s o i  1 heat  f l u x  
- 
H i s  t he  sensible hea t  f l u x  
hE - i s  the l a t e n t  hea t  f l u x  
S i s  t h e  forest  hea t  storage 
- 
A1 1 t h e  components excep t  I! and AL can be measured readi ly  or 
es t imated .  To o b t a i n  t he  rate  o f  evaporation E (=  where A i s  
the  l a t e n t  heat  o f  vapor isa t ion  o f  water) from t he  above equat ion 
the f l u x  o f  sensible h e a t  has to be measured by another method or the 
ava i l ab le  energy has t o  be p a r t i t i o n e d  i n t o  the l a t e n t  and sensible 
hea t  f luxes  using the Bowen r a t i o .  
The Bowen ra t io  @ i s  Ihe r a t i o  o f  the f l u x  of  sensible h e a t  t o  t h a t  
of l a t e n t  hea t  and by use o f  the aerodynamic equat ions  for  these 
f luxes becomes: 
- - 
where and $ are the mean gradients o f  po ten t i  a1 temperature az 
and spec i f ic  humidity respectively and p and c have l h e i  r usual 
P 
meanings o f  density and s p e c i f i c  h e a t  o f  a i r  a t  cons t an t  pressure. 
For f i n i t e  d i f f e r e n c e  i n  h e i g h t  Az 
I t  has now been shown e x p e r i n ~ e n t a l  ly t h a t  t h e  transfer c o e f f i c i e n t s  
for s e n s i b l e  h e a t  KH and water vapour KE are equal over a wide range 
of condi t ions from neut ra l  t o  h i g h l y  uns t ab l e  (Dyer, 1967). Hcwever, 
i t  i s  n o t  known whether  t h i s  i s  s t i l l  true under stable conditions,  
for example, when tbere  i s  a downward transfer o f  sensible heat t o  
supply the energy requi r e d  for evapora t ion .  Having measured t h e  
Bowen ratio,  i t  i s  substituted i n  the following equation, which i s  
obtained by re-arrangi ng eq u a t i  on ( I  j : 
and this can be solved t o  g i ve  t he  r a t e  o f  evaporation. 
As an a l t e r n a t i v e  t o  us ing  t h e  Bowen ra t io ,  the sensible hea t  f l u x  
can be calculated by the  aerodynamic or eddy correla t ion mthods.  
The g r e a t  advantage of  using these d i r e c t  measurements o f  the s e n s i b l e  
hea t  f l u x  ins tead  o f  t h e  Bowen r a t i o ,  i s  t h a t  no naasurements o f  t he  
h umi d i  ty gradients are requi red. Generally , the i fistruments used 
t o  measure the humidity gradients a re  the most inaccurate and 
unrel  i able of any microneteorologi cal system. 
The aerodynamic equat ion  for  the  f l u x  o f  sensible heat i s  : 
where u, denotes t he  f r i c t i o n  v e l o c i t y ,  Km t h e  transfer coefficient 
- 
a u o f  momentum and - the  average wind speed grad ien t .  a z 
St r i c t ly  speaking, this equat ion  only applies under  conditi,ons of  no 
advection. To enable t he  equa t i on  t o  be solved the f o l l o w i n g  further 
assumptions have t o  be made: t h a t  the transfer coefficients of heat  and 
momentum are equal and t h a t  the atmosphere i s  a t  o r  near neutral 
s t a b i  l i ty . Then the eq ua ti on becomes : 
where k l ' s  von K6rmSn1s constant, d i s  the zero plane displacement 
and  the subscripts 7 and 2 refer to the he igh ts  a t  which  t he  
measurements are made. 
In practice the atmosphere i s  rarely a t  n e u t r a l  s t a b i l  i t y  and the 
r a t i o  of KH t o  K, appears not t o  be even constant (Swinbank and 
Dyer, 1967) , but t o  vary w i t h  atmospkeri c s t a b i  11 ty . 
However, - H i s  generally considerably smaller than hE and t h e r e f o r e  
a larger error i s  permissible in H for a given error i n  Xi. 
Theoretically i t  would be preferable t o  measure the sensible heat  
f l u x  by the eddy correlation technique, where t h e  ins t an  taneous 
vertical flw rate of the a i r  i s  related t o  i t s  instantaneous 
temperature. However, very sophisticated instruments and da ta  
7 oggi ng sys tern are requi red, because the very h igh  frequency eddies 
must be sampled and recorded, and a t  present no  commercial equipment 
i s  available, 
The main d isadvan tage  of t he  energy budget metkods  1s thel'r dependence 
on an accurate estimate o f  the net radi a t ion .  Since the magnitude o f  
the  long-wave components o f  the n e t  r ad ia t ion  a r e  comparable t o  t h a t  
o f  the short-wave components and t he  accuracy o f  cal ibrat ion for the 
long-wave components i s  much poorer than t h a t  for the  short-wave 
component, the accuracy o f  the measurements o f  t h e  net all-wave 
r a d i a t i o n  i s  much lower t h a n  t h a t  o f  s o l a r  r ad ia t ion  and t h i s  a f f e c t s  
the accuracy o f  the evaporati on m a s  urements . 
The evapora t i a n  can be est imated d i  rectly by the aerodynarni c method 
using an equa t i on  similar t o  t h a t  for  sensible h e a t ,  b u t  similar 
dubious assumptions have t o  be made and generally the  values for 
the evaporation w i l l  be so inaccura te  t h a t  they are virtually useless 
for t h i s  work. 
I n  the case o f  t he  eddy correlation technique which theoret ical ly  can 
also be used t o  g ive  a d i r e c t  wasurement of the evaporation,  no  
sensor  has y e t  been developed t o  measure Rumidi ty fluctuations which  
has a s u f f i c i e n t l y  r a p f d  response t o  g i ve  accurate results (Dyer and 
Maher, 1965). 
4.4 INSTRUFENTATION A N D  DATA LOGGING 
I n  genera?, conventional mi crometeoro 1 ogi cal sensors w i  l l be used 
t o  make t h e  necessary mas!~rements. However, the sensors w i l l  Rave to 
be positioned a t  much greaxer heights above t h e  vegetation than i n  the 
case o f  re lat ively smooth surfaces, such as s h o r t  grass, because o f  the 
spatial variability of a f o r e s t  canopy. This  requires a sturdy tmer 
t o  support #e sensors a t  h5ights up t o  30 m and t o  allow maintenance 
t o  be carr ied out ;  i t also creates further diff icult ies due t o  the e f f e c t  
o f  the t w e r  on t h e  environment and necessitates investigations t o  
ensure t h a t  t h e  sensors are beyond the inf luence of  the  tower. 
For  s o w  o f  the measurements, for example o f  radiation,  i t  may be 
necessary t o  use sensors which can scan automatically a large area o f  
vegetat ion and thus obtain a value representative o f  the general area, 
To determine whether evaporat ion o f  intercepted o r  trampi red- w a t e r  i s  
occurring, an i n d i c a t i o n  o f  the wetness o f  t h e  leaves w i 7  7 be obta ined 
by measuring the electr ical  resistance between p a i r s  o f  wires wound 
mund the leaves. I-F there i s  a s i g n i f i c a n t  d i  fference bebeen  the 
rates o f  evapora t ion  of intercepted and t r a n s p i r e d  water, t h e  surface 
temperature measured by an i n f r a - red  thermometer can a l so  be used as 
an i n d i c a t o r ,  because a decrease i n  the rate a f  evaporat ion has  t o  be 
compensated by an increase i n  the surface temperature i f  the other 
v a r i a b l e s  remain constant, 
Separat i  on o f  t h e  various components o f  the t o t a l  evaporation such as 
the evaporat ion from the s o i l  or l i t t e r  layer and from any undergrowth, 
w i l l  be obta ined  by using s e n s i t i v e  weighing lysimeters. 
From the o u t s e t ,  the experiment has been designed on t h e  b a s i s  of an 
autarnati c d a t a  acqui s i  t i  on sys tern t o  record t he  da ta  on some medi urn 
which i s  di rec t ly  compatible w i t h  the computer used to  analyse the da ta .  
A t  the present time a system i n c o r p o r a t i n g  a smal J computer on s i t e  i s  
b e i n g  a c t i v e l y  considered. The main use o f  the computer would be the 
.  
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programming of  the data acquis i t ion and in i t ia l  condensat ion
or ig ina l  data to  g lve f ive n inute or  longer  per iod averages.
carrying out these primary tasks the computer could do some
in rea l  t ime and these resul ts  would then prov ide a means of
the accuracy of the data from the sensors.
f the
Besides
analys i  s
moni t{,ri ng
4.5 EXPERI]'4ENTAL S ITE
Valid neasurenents of the rate of evaporation using ni crolleteorol ogi cal
methods, depend on neasurenents above a site which approxinates to an
in f in i te  un i fo rm p lane.  In  p rac t ice ,  the  s i te  w i l l  be  su . i tab le  i f  i t
provides a fetch over a un.i fom area of at least one hundred times tne
height to which the measurenents are to be ndde. To fulf i l  t_hese
requr rernents an extensive area of forest on flat ground (or on ground of
uni form siope) is necessary. Such a site was found near Thetford in
Norfolk where there is a very l arge area of forest covering a toiai area
of approximate'ly 200 knz, The site for the instrunent tower is near
t}te centre of one of the three rrtain blocks ofwhich the forest ls
composed,  Th is  b lock ,  wh ich  covers  an  area  o f  about  s ix  by  ten
kiloretres, vafies in elevation by about 20 m. The forest is planted
in  sec t ions  w i th  a reas  o f  l0  to  20  hec tares  each,  d iv ided by  r ides
running between them. l4ost of the forest was planted between l92B and
1932 w i th  Cors i  can  and Scots  p ine ,  wh ich  have no{  a t ta ined a  he . lgh t  o f
approximately 15 n and are gr6{ing at a rate of less than ha.lf d metre
per  year .
5 .  PRESENT POSITION
A nunber  o f  neet ings , i , /e re  he ld  a t  t ie  Ins t i t l l te  o f  Hydro log .y  and a t
the Meteorological 0ffice to discuss the proposed research progran,ne.
Besides the titenilers of the Institute, these meetings vlere attended by
Drs  Pasqu i l  and R ider  and l "1ess  rs  B lackwel ' l  and  Grant  o f  the  Meteoro tog ica l
0 f f i ce ,  Pro fessor  Rut te r  o f  Imper ia l  Co l lege,  Dr  Drennan o f  Un ivers t ty
of Reading, Dr lrontei t-h of Rothan6 ted Experimental Station, Dr Leyton
of  ox fo rd  Un ivers i ty ,  Dr  Dav js  and l ,1 r  Bose o f  Southampton Un ivers i ty
and Mr  Green o f  NERC,  one o f  the  resu l ts  o f  these neet ings  has  been
-- 
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the o f f e r  by Professor Rutter t o  co-operate i n  t h i s  research. Under 
an NERC g r a n t  two Research A s s i s t a n t s  d i rec ted  by Professor Rutter 
n i l  l study the biological  factors a f f e c t i n g  the evapora t ion  from a 
fot-es t. T h i s  work i s  expected t o  begin i n  the autumn o f  1968. 
In September 1967 a 32 m h igh  ins t ru i ren t  tower was erected i n  the 
f o r e s t  w i t h  a mbi le laboratory and a por table  generator s e t  i n s t a l  led 
near i t s  base. The area sur rounding  the tower was pl a t ~ t e d  i n  1931 
w i t h  Scots Pine trees which have now a t t a i n e d  a mean he igh t  of 14.7 m 
wi th  75% having heights between 13.7 rn and 15.8 m. The average spacing 
between the' trees -is - 3  rn, 
Much o f  t he  work s o  f a r  has been i n t o  the e v a l u a t i o n  of various 
sensors and the method of support ing them on the tmter, A pre'l iminary 
s tudy  o f  t he  ef fec t  o f  the tower on wasurements .o f  wind speed showed 
t h a n  an anemofieter mounted 5.5 m upni nd o f  the tower gave a wind speed 
about  3% h i g h e r  than an  anemometer mounted only 1.5 m upwind of the  
t w e r  a t  tho same height, Previous work suggests t h a t  the ef fec t  of 
the tower on reasrtremnts of wind speed will be less than 1," i f  the 
ane~nomters are mounted about 5 m from the teder, So t h a t  r e l i  able 
w i n d  fieasurements can be o j t a i n e d  i n  any wind direct ion,  bio anemorreters 
will  be mounted ei ther  s i d e  of the tmer  a"iach he ight .  
T o  eliminate interference betk~een the va r ious  sefiscus i t  has been 
deci ded t o  use two towers. One tower w i  11 support t h e  anemometers 
and the other tower wi l l  carry the other instruments. The second 
tower was erected i n  lYay '1968 about 45 m north west o f  the f irst  tower, 
Preliminary measurements o f  t he  wind profile have suggested t h a t  the 
zero plane disp lacement  d i s  awout 11 - + 7 m and t h a t  the roughness 
l e n g t h  z, i s  about a metre. For comparison the t y p i c a l  value of zo 
for  a grass surface i s  about  a hundredth o f  a metre. 
To in te rca l ibra te  the anemoi~eters  used for measuring t h e  w i n d  p r o f i l e s ,  
a c a l i b r a t i o n  r i g  was i n s t a l l e d  near  t h e  Meteorologi cal S i t e  a t  
Wall i n g f o r d .  Fi ve anemowters can be exposed a t  the same t i  E and i t 
was found t h a t  i n d i v i d u a l  anerrmrneters cou ld  be as much as - + 5% from 
the  w a n  of the f ive ,  u s i n g  t he  wind tunnel c a l i b r a t i o n s .  
To o b t a i n  a b e t t e r  understanding orF the t r ans f e r  processes above a 
forest ,  measurements o f  the smal l  sca le  turbulence s t r uc tu r e  were 
made by Dr. Davis  o f  the I n s t i t u t e  o f  Sound and V i b r a t i o n  Research, 
U n i v e r s i t y  o f  Southampton, using h i s  el aborater hot  w i r e  anemometer 
sys tern. The i ns truments have a very rapid response and are capable 
of  measuring eddies w i t h  dimensions down t o  a t e n t h  o f  a metre. 
Though there were sowe d i  f f i  cul t i  es experienced w i t h  i n te r fe rence  i n  
t he  power supply from the  por table  generator s e t ,  t he  neasurements o f  
the  velocity spectrum showed t h a t  there was a considerable component 
of the turbulent  energy a t  the h i  ghes t  f requencies.  Work i s  going on 
t o  remove any interference f r o m  the power supply a n d  then i t  i s  hoped 
t o  make fu r the r  measurements wi th  Dr. Davis ' equipment .  
An assessment has been made o f  instruments t o  measure humidity 
gradients.  Tests were carried out under f i e l d  conditions using an 
Assman psychrometer as a standard. L i t t l e  progress has been made 
and no s u i t a b l e  device has y e t  been found.  Further instruments a r e  
t o  be evaluated when they have been delivered. 
To measure the gross p r ec ip i t a t i on  f a l l i n g  on the  fores t  i t  has been 
decided t o  i n s t a l l  raingauges in s u i t a b l e  natura l  clearings i n  t he  
forest ra ther  t h a n  use raingauges mounted a t  canopy he igh t ,  because 
of the possible large errors caused by t be  wind flow ove r  mast mounted 
gauges. To choose s ui l a b  1 e s i tes  ten gauges have been i ns t a l  I ed i D 
c lear ings and rides w i t h i n  a small area s u r r o u n d i n g  the inst rument  
tower. By s t u d y i n g  the records f r o m  the  raingauges i n  re la t ion  t o  
t h e i  r s i t i n g ,  the  s i z e  o f  c lea r ing  necessary t o  ob ta in  accurate 
m a s  uremen t s  ui  l l be ob t a i  ned. 
A sys tern made by  Hewlett-Packard for measuring temperature was 
delivered a t  the end  of May 1968. Each probe c o n t a i n s  a temperature 
s e n s i t i v e  quar tz  c rys ta l ,  whdse frequency i s  compared t o  a 
s t a n d a r d  o s c i l l a t o r  and t h e  d i f ference i n  f requencies is measured 
by a counter w-E t h  a d i  gi t a l  outpu t .  The sys tern a1 1 ows , a t  present, 
ten probes t o  be  i n t e r r o g a t d i n  t u rn  and t he  temperatures and channel 
ident i f icat ions pr in ted out  on paper  tape.  Because changes in  tenperature
are detected by the quartz crystal as frequency changes, the accuracy is
unaffected by stray resistances or voltages as uould be the case if the
more usual  res is tance uni ts  or  thermocouples lvere used,  A lso,  the use
of  snal i  anpl i f ie rs  can extend the d is tance f ron the probes to  the counter
indef in i te ly ,  Var ious rad ia t ion sh ie lds for  the temperature probes are at
present  undergoing tests  to  determine the most  e f fect ive combinat ion
of  sh ie ld  and aspi ra t ion ra te for  reduc ing the rad ia t ion er ror  to  an
accepiab le leve l  .
6. CoNCLUStoNS
To es t jmate  the  e f fec t  o f  a f fo res ta t ion  on  the  rva ter  y ie ld  o f  ca tchnent
areas ,  the  to ta ' l  evapora t ion  f rom a  fo res t  a rea  has  to  be  pred ic ted  fo r
compar ison \ , / i th  tha t  f ron  grass land or  moor land.  A  s tudy  o f  the  l i te ra tu re
has shown that f irst '1y, feir ' measurements of evaporation from forests have
been nade and second ly  these few exper inFnts  l iave  shown tha t  bes ides  the
meteorologicai factors biological factors are very iriporiant in controll ing
the  evapcra t ion .
To s tudy  the  processes  invo lved in  the  evapora t ion  f rom an ex tens ivg
area o f  fo res t ,  a  mic roneteoro log ica l  and p lan t  p lu /s io log ica l  p ro jec t
has  been se t  up  in  lhe t fo rd  Fores t  in  Eas t .  Ang l ia .  A t  p resent  the
ins t ruments  and the i r  n rount ings  are  be ing  cons t ruc ted  and the j r  per fo rmance
' in  use  over  the  fo res t  i s  be ing  eva lua ted .
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